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Abstract- Research on hydrogen storage alloys is offering actually a wide range of chemisorption-materials that can store or 
release safely interesting amount of hydrogen regarding classic pressurized or cryo-liquid container needing expensive and 
permanent maintenance procedure. In this context, rigorous hydrogenation experiment was elaborated on new AB3 compound 
LaMg2Ni5Al4 recently investigated as quaternary intermetallic material. X-ray diffraction analysis shows that two different 
pathways could be used from elementary metals or binary precursors to fulfil the desired crystal phase. Careful screening of 
the AB3 alloy thermal stability was carried out before hydrogenation. Differential thermal analysis DTA demonstrates that this 
compound can support heating flow up 800 °C without any degradation. Straight solid-gas hydrogenation process was 
controlled and acquired following meticulously the pressure. It was demonstrated that hydrogen sorption is following a first-
order exponential Avrami model. Interestingly, the kinetic study illustrates that lower activation energy (a gap of 90 kJ.mol-1) 
is observed comparing the intermetallic from binary precursor. Results show also that this compound is prominent candidate 
serving stabilized solid-Hydrogen as bulk reservoir and hydrogen absorption measurement endorsed that bulk intermetallic 
hydride is achieved. 

Keywords Metals and alloys, Hydrogen storage, Thermal analysis, Intermetallic compounds. 

 

1. Introduction 

To limit greenhouse-gas emissions and depletion of 
fossil carbon reserves, implementation of technologies 
involving renewable energies and their conversion is an 
absolute priority for the inevitable forthcoming ecological 
transition [1]. In first place: hydrogen, which is clean 
efficient fuel, its combustion produces only water H2O (low 
environment impact) and having reliable storage output [2,3]. 
Renewable hydrogen using green technology could make 
worldwide fossil-free faster than expected. Hydrogen can be 
stored as compressed gas, cryogenic liquid (low temperature) 
or solid form. The storage under high pressure or cryogenic 
liquid does not allow accessing higher densities regarding 
solid hydrogen in intermetallic hydrides [4,5]. Utilization of 

metal-hydrides is currently considered as key point for future 
hydrogen economy regarding several criterions like safety, 
compaction, and reversibility [6,7]. A very interesting paper 
was published over the past decade by Chen et al. [8] 
reporting on hydrogenation properties of related compounds 
like LaCaMgNi9 and others high entropy alloys like 
LaCaMgNi6Al3. Chen et al. [8] conducted extensive 
hydrogen sorption isotherms and demonstrated that using 
Aluminium (Al atomic radius is lower than Ni) to substitute 
Nickel reduces the unit cell expansion (ΔV/V) during solid-
gas hydrogen reaction. They noticed furthermore that Al/Ni 
substitution induces lower hydrogen equilibrium pressure 
[8]. These prominent hints are considered as good parameters 
when industrial researchers are looking for long life cycling 
product during reversible hydriding process: because 
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controlling cell expansion would substantially decrease 
compounds cracking. Besides, lowering H2 pressure is 
valuable point towards improved safe handling or embedded 
hydrogen storage in mobile devices [9,10]. Another detailed 
electrochemistry coupled X-ray diffraction study was carried 
out by Liao et al. [11] on rich Lanthanum AB3 compounds 
La2Mg(Ni1-xMx)9 with M = Fe, Co, Al, Mn, or Cu. They 
confirmed that Nickel partial substitution using other 
transition metals will affect hydrogen plateau pressure and 
cell expansion of relative hydrides depending on atomic 
radius of M element. Several analytical kinetics models were 
developed during the past decades to determine hydrogen 
reaction rate and the corresponding activation energy; and 
the controlling-rate mechanisms which involve diffusion 
phenomena and growth following nucleation [12-14]. 
Generally, these two parameters are acquired by fitting the 
kinetics curves using Avrami equation and the slope from 
Arrhenius plot: 

Exponential interpolation of first-order Avrami 
Equation: Ct = Cmax exp (-k . t) 

where k is the hydrogenation reaction speed conforming 
to Arrhenius Law 

The main objective of this article is to undertake comparative 
kinetic study for two intermetallic samples synthesized by 
different pathways approach. Experimental measurements of 
hydrogen absorption are examined and inspected for a 
prospective convergent correlation toward this first-order 
exponential Avrami model.   

With the research outbreaks during the last years about 
intermetallics hydrogen uptake [15-22], more significant or 
comprehensive studies were developed showing the 
importance of metal substitutions and their influence on 
thermodynamic parameters [23-29]. The present paper is 
reporting on the hydrogen storage evolution of an AB3 
quaternary alloy LaMg2Ni5Al4 and its Differential thermal 
analysis DTA. The original aspect of this work is to show 
that the type of synthesis reaction and the starting precursors 
used to elaborate the same target intermetallic phase can play 
an important role in moderating the corresponding activation 
energy. This suggests further implications of several intrinsic 
matrix considerations like difference in: structure defects, 
material density, ratio of amorphous to crystal state, active or 
specific surface, particles size and existence of joint grain.  

2.  Experimental materials and methods 

LaMg2Ni5Al4 intermetallic alloy was elaborated 
regarding previous published work [30] in the laboratory 
from elementary pure metals introduced inside stainless steel 
jar with 5 stainless-steel balls in argon filled glovebox. The 
mechanical alloying MA experiment was performed during 
20 hours at ambient temperature with Fritsch “Pulverisette 
P7” planetary ball mill. Disc and jar rotation speeds were 
respectively 550 and 1100 rpm. These mechanical alloying 
procedures correspond to an injected shock power, kinetic 
shock energy and a shock frequency of respectively 12 W/g, 
0.105 J/hit and 114 Hz. Differential Thermal Analysis DTA 
was done to screen any transformation and to check the 
stability of the compound for medium or high temperature 

before starting the hydrogenation reaction. This analysis 
experiment was carried out with an inert atmosphere using an 
instrument type PerkinElmer. Determination of the real solid 
density of LaMg2Ni5Al4 intermetallic alloy was acquired 
using Micromeritics AccuPyc II 1340 Helium Pycnometer. 
The sample analysis gives ρ = 5.58 g/cm3.  

For hydrogen storage experiment using Sieverts method 
(Figure 1), 0.415 g of intermetallic AB3 alloy achieved from 
pure elements or from binary precursors was introduced in 
hydrogenation capsule set to vacuum overnight at 
temperature of 280 °C. After that the capsule capillary was 
first isolated, hydrogen pressure of 10 bars was loaded in the 
system and then released into the sample. The hydrogenation 
test bench is consisted of a setup Swagelok type materials 
connected with several input/output valves, sample holder, 
pressure input regulators and pressure sensors. Connectors 
and bench devices are leakage tested using snoops under 
pressurized condition before starting any acquisition. All 
pressure devices are calibrated from the provider and having 
their datasheet of linear voltage to pressure response. The 
pressure conversion into hydrogen capacity is based on the 
Sievert Method relating the partial pressure according to the 
perfect gas Law in the local domain of temperature and 
pressure measurements. The pressure evolution was followed 
using ADI gas sensor linked to DITEL Alpha-C remote 
display. This pressure display was controlled using an 
acquisition card connected to HP BenchLink Data Logger 
and then hydrogen kinetics correlation was done using 
WaveMetrics IgorPro 4.0.8. software.                         

 
Fig. 1. Experimental device for solid-gas hydrogen evolution 

3. Results and Discussions 

This AB3 intermetallic lanthanide has been directly 
synthesized using the ball milling technique without further 
treatment and its full structural and microstructure 
characterization was also extensively studied.  

Starting from elementary metals (La:Mg:Ni:Al in atomic 
proportion 1:2:5:4), it was shown that a resulting crystalline 
material is obtained and the structural analysis (Figure 2 and 
Table 1) confirms that it constitutes almost a single AB3 
phase product [30]. It is also demonstrated in this section 
according to Figure 3 and Table 2 that AB3 intermetallic 
lanthanide can be achieved as well starting from binary 
compounds LaNi5 and Mg:Al(33:66). Furthermore, it is 
found that same composition phases are obtained regarding 
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the previous prepared sample from elementary metals with practically equivalent weight proportion. 

 
Fig. 2. Rietveld refinement of LaMg2Ni5Al4-ES-20h (from elementary metals). 

Fig. 3. Refined sample LaMg2Ni5Al4-Bin-20h (from binary compounds) using Rietveld method. 

 

Table 1. Lattice parameters and weight fraction of existing phases in LaMg2Ni5Al4-ES-20h sample 

      

Table 2. Lattice parameters and weight fraction of existing phases in LaMg2Ni5Al4-Bin-20h sample 

 
 

 
Fig. 4. Differential Thermal analysis DTA of the two AB3 sample 

           LaMg2Ni5Al4-ES-20h (Left) LaMg2Ni5Al4-Bin-20h (right). 

Milling 
time Phase Space 

group 
Lattice 

parameters (Å) V (Å3) Weight 
fraction (%) Rf RBragg χ2 

20h  
AB3 R-3m a = 4.7605(8) 

c = 24.801(8) 486.76 96 1.0 1.8 
1.7 

La2O3 P63/mmc a = 3.867(3) 
c = 5.893(9) 76.34 4 1.1 2.7 

 

Milling 
time Phase Space 

group 
Lattice 

parameters (Å) V (Å3) Weight 
fraction (%) Rf RBragg χ2 

20h  
AB3 R-3m a = 4.7593(7) 

c = 24.840(7) 487.27 96 1.0 1.8 
1.8 

La2O3 P63/mmc a = 3.874(3) 
c = 5.881(9) 76.47 4 1.2 2.8 

 

Fig. 2. Fig. 3. 
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3.1. Differential Thermal Analysis DTA 

DTA experiments of the two elaborated AB3 samples are 
illustrated on Figure 4. Both DTA curves show an overall 
uniform variation trend at low and high temperature (300-
800 °C) that most likely translate a smooth or minor 
adjustment related to a very gentle annealing of the 
mechanically alloyed material and its structure defects 
recovery. Thermal analysis is very important technique to 
characterize interstitial ABx intermetallic compounds and 
other complex metallic systems especially their temperature 
of phase transformation or the limit of their manipulation 
conditions [31-33]. A DTA study on La-Mg-Ni super lattice 
alloys was reviewed recently by Liu et al. [34], showing a 
very similar thermal profile to these experiments given in 
Figures 4. Direct comparison regarding thermal stability of 
classic AB5 compound (LaNi5) reveals that the presented 
AB3 alloys in this study are substantially more stable and can 
support higher heating flow [35,36]. 

3.2. Hydrogen storage evolution 

Before the discovery of AB3 type compounds, the AB5 
ones were the first generation of commercially used alloys 
and their first patents using LaNi5-xMx substituted 
compounds in electrochemical applications (for electrode 
material) dates from the 1970s [37]. LaNi5 is the best-known 
compound in AB5 family with Ni-MH power delivery around 
370 mAh/g [38]. In recent progress, AB3 type compounds are 
actually the most studied with more interests in terms of 
absorption-desorption properties for hydrogen storage [39]: 
their corresponding hydrides are promising to be very 
efficient for hydrogen loading in stationary or mobile 
applications or devices [40,41]. These compounds can give 
energy conversion up to 600 mAh/g when associated with 
systems of hydrogen compressor [42]. Direct solid-gas 
processing for the hydrogenation reaction is given in the 
following Equation: 

        P = 10 bars, 230-280 °C 
LaMg2Ni5Al4 + x/2 H2 <-------------------->   LaMg2Ni5Al4Hx 

The resulting plot of this experiment for the first sample 
(LaMg2Ni5Al4-ES-20h) is given in Figure 5. It is obviously 
displayed that hydrogen reaction speed decreases when 
setting an inferior temperature regarding the curve evolution. 

 

Fig. 5. Variation of hydrogen absorption capacity as function 
of Time for LaMg2Ni5Al4-ES-20h sample. 

Several analytical simulation models were developed in 
literature for the hydrogen storage evolution. Lamloumi et al. 
[12] proposed a third order equation taking into account both 
the reaction kinetic k and the equilibrium pressure Peq. 

 
Another more simplified model was later elaborated by 
Johnson-Mehl [13], where the model considers diffusion and 
nucleation growth as the controlling rate mechanism with 
following expression: f (t) = 1 – exp ( - k . t n ) 

Generalized formulation was adopted recently from Avrami-
Erofeev [14], that assume the absorption contribution of one 
or more species depending on the fractions and if any 
multistep mechanism will be existing: 

 
According the major AB3 phase found in XRD study, it is 
assessed to correlate overall hydrogenation speed k (min-1) 
for the obtained data within first-order Avrami exponential 
fitting for the hydrogen capacity: Ct = Cmax exp (-k . t) with 
Ct the real-time capacity, Cmax the maximum capacity, k the 
reaction speed and t the time. The coefficient k depends on 
the temperature conforming to the Arrhenius Law with the 
formulated following equation [12-14]: 

k = A . exp ( - E / R . T ) 

where A pre-exponential factor, R universal gas constant 
and E activation energy for the hydrogenation reaction. 

Processing of experimental datasets fitting in Figure 6 
and 7 determines the values of kinetics parameters 
respectively k280 = (1.20 ± 0.08) 10-4 min-1 and k230 = (1.66 ± 
0.04) 10-5 min-1. 

 
Fig. 6. Exponential fitting of Ct vs. Time to obtain k280 for 

LaMg2Ni5Al4-ES-20h. 
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Fig. 7. Exponential fitting of Ct vs. Time to obtain k230 for 

LaMg2Ni5Al4-ES-20h. 

We confirm here according to these kinetics refinements that 
the hydrogen reaction speed is slowing down by 10 folds 
when the temperature evolves from 280 °C to 230 °C. 

The reported temperature dependent hydrogenation kinetics 
are used to generate the linear graphic plot (Figure 8) through 
thermodynamic equation [43-45]: Ln (k) = Ln (A) - E / R . T 

 
Fig. 8. Linear fitting of the Ln (k) plot for hydrogenated 

LaMg2Ni5Al4-ES-20h. 

From this plot analysis and slope calculation, we obtained 
the intermetallic-hydride activation energy for the first 
sample LaMg2Ni5Al4-ES-20h, E = 91.3 kJ.mol-1. 

Same experimental procedure was carried out (Figure 9) 
for the second sample elaborated by mechanical alloying 
from binary precursors. This approach will give and setup 
very interesting comparison between two hydrogenated 
samples synthesized by two different pathways. 

 

Fig. 9. Variation of hydrogen absorption capacity as function 
of Time for LaMg2Ni5Al4-Bin-20h sample. 

It is noted in this case that when decreasing the temperature, 
the kinetic curve seems to have a slight shift indicating very 
slow impact on the hydrogenation speed. Attempt to undergo 
the same interpolation procedure realized in the previous 
compound, and the following Figures 10 and 11 are showing 
the corresponding exponential fitting of the experimental 
point by point selections for real time hydrogen capacity. 
According to the obtained mathematical processing, the 
following values of kinetics parameters are found: 
respectively k280 = (1.06 ± 0.08) 10-4 min-1 and k230 = (9.72 ± 
0.02) 10-5 min-1. 

 
Fig. 10. Exponential fitting of Ct vs. Time to obtain k280 for 

LaMg2Ni5Al4-Bin-20h. 

 
Fig. 11. Exponential fitting of Ct vs. Time to obtain k230 for 

LaMg2Ni5Al4-Bin-20h. 

Finally, the corresponding linear plot was traced for this AB3 
compound obtained from the two binary precursors as given 
in the Figure 12. The calculated hydride activation energy for 
this second sample LaMg2Ni5Al4-Bin-20h, obtained from the 
slope of Figure 12, was E = 4.1 kJ.mol-1. 
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Fig. 12. Linear fitting of the Ln (k) plot for hydrogenated 
LaMg2Ni5Al4-Bin-20h. 

Interestingly from the hydrogenation process in this study, a 
direct comparison of these results demonstrates and gives 
clear evidence that AB3 compound obtained from binary 
precursors undergoes lower activation energy barrier to 
achieve its hydride regarding the AB3 alloy acquired from 
pure elements. 

Most studies have been done previously on thermodynamic 
enthalpy formation of AB3Hx and Magnesium based 
hydrogen storage alloys [15,46,47]. However, we did not 
find in literature many articles dealing with comparative 
study of activation energy corresponding to a quaternary 
Metal-Hydride developed from two different pathways 
approaches. It was reported that activation energies Ea 
(examples of simple Magnesium or Titanium hydrides) can 
reach values up to 120 kJ.mol-1 at 10 bars H2 injected 
pressure depending on temperature or substituting element if 
applicable [48,49]. Moreover, incorporation of Nickel inside 
the matrix material seems to drastically decrease Ea by more 
than 70 kJ.mol-1 : which is comparable to an operating 
catalyzing effect [50]. We are not surprised to find out such 
lower activation values since other published simple 
compounds like ZrTiV or TiNx undergoes Ea values about 5 
to 10 kJ.mol-1 [51,52]. Another more plausible physical 
explanation is that AB3 intermetallic compounds elaborated 
from the binary precursor LaNi5 are usually expected to have 
more facility to activate the H-H hydrogen-hydrogen bonds 
(since LaNi5 is known to have high hydrogen affinity 
especially within direct H2 solid-gas reaction). We note for 
instance that others AB3 intermetallics are existing in 
literature with different compositions showing some 
flexibility in metal substitution possibilities, most likely 
Aluminum substitution by Nickel seems to stabilize the 
hydrogen equilibrium pressure however lower hydrogen 
capacity will be expected [46]. 

4. Conclusion 

This study involves an interesting thermal behavior of a 
recently developed AB3 compound LaMg2Ni5Al4. Using this 
alloy and according the thermal DTA analysis, operation 
temperatures up to 800 °C can be reached with very good 
stability offering an extra hands-on others possible high 
temperature applications. 

XRD analysis demonstrates that the target crystalline 
phase is easily obtained using the mechanical alloying 
procedure with an injected shock power of 12 W/g and using 
two different synthesis approach.  

Two different operation temperatures are used to 
evaluate kinetics of hydrogenation speed and then the 
thermodynamic calculation of activation energy. 
Successful exponential interpolation of the reaction speed 
was carried out using Avrami model. Obviously and 
according the absorption behavior of AB3 intermetallic from 
binary percursors, it undergoes lower activation energy 
regarding the parent intermetallic material from elementary 
metals. This comprative case study conducted in this work 
shows that the elaborated compounds can be further used in 
high temperature energy conversion or storage reaction. 

These direct solid-gas reactions on substituted Magnesium 
AB3 alloys can promote and stabilize bulk intermetallic 
hydrides. 
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